The neutral organometallic/dithiolene radical complexes [CpNi(oxddt) ) and strong distortions from planarity of the eightmembered ring moieties. In the solid state, the stronger rigidity of [CpNi(oxddt)] allows for a face-to-face p-p stacking of the radicals into dyads, confirmed by a singlet-triplet magnetic behaviour while the more flexible [CpNi(bddt)] radical complexes only interact through a lateral antiferromagnetic interaction giving rise to Heisenberg-type uniform spin chains.
Introduction
Metal dithiolene complexes have been extensively investigated due to their combination of functional properties, specific geometries, and intermolecular interactions that confer them an enormous interest in the field of magnetism, 1 conductivities, 2 and optical properties. 3 The metal dithiolene complexes involve not only homoleptic types such as bis (dithiolene) [M(dithiolene) 2 ]
n-(M = Ni, Pd, Pt), 4 tris(dithiolene) [M(dithiolene) 3 ] n-(M = V, Cr, Mo, W, Re), 5 (Nd, Ce, 6 U) 7 and tetrakis(dithiolene) [M(dithiolene) 4 ] n-(M = Ce, U), 7, 8 which are composed only of dithiolene ligands, but also heteroleptic ones such as [M(dithiolene) 12 They have electron-deficient metal centres, which are stabilized by a p-electron donation of the dithiolene ligands 13 and by the p-coordinated organometallic ligand. We have recently reported the synthesis and properties of such CpNi(dithiolene) complexes functionalized with, (i) a simple R substituent as in [CpNi(S 2 C 2 R 2 )] with R = CN, COOMe, Ph, Me, 15b (ii) sulfur-rich outer rings as in [CpNi (dmit)] (dmit = 1,3-dithiol-2-thione-4,5-dithiolato) 15a and
15c,e and (iv) a flexible seven-membered ring as in [CpNi(pddt)] (pddt = 1,3-propanediyldithioethylene-1,2-dithiolato) and its analogues (Chart 1).
15d
The structural and magnetic behaviour of these complexes was shown to be highly dependent on the nature and steric constraints of the substituents on the dithiolene ligand, offering a wide variety of possible magnetic interactions (dyadic associations with singlet-triplet behaviour, alternated or uniform chains through lateral SÁ Á ÁS contacts, antiferromagnetic three-dimensional ground state), even for closely related molecular structures. In order to get a further insight in this extensive family, we have investigated two further neutral radical complexes where the metallacycle is now fused with a larger and flexible eight-membered ring, namely the [CpNi(oxddt)] (oxddt = o-xylenediyldithioethylene-1,2-dithiolato) and [CpNi(bddt)] (bddt = 1,4-butanediyldithioethylene-1,2-dithiolato) complexes shown in Chart 2.
While both complexes are expected to exhibit closely related electronic structures and spin delocalisation, their structural and accordingly magnetic behaviour in the solid state might strongly depend on the shape adopted by the eight-membered outer ring. Indeed, the anticipated stronger rigidity of the o-xylylene derivative will contrast with the more flexible character of the 1,4-butylene one. We report here the preparation, electronic properties, X-ray crystal structures, and magnetic properties of the two complexes, showing that they are indeed characterized by completely different structural and magnetic properties, intimately related to the different ways such radical molecules manage to increase chemical bonding in the solid state, either through localized 2e bonds or through delocalized one-dimensional antiferromagnetic spin chains.
Results and discussion
Syntheses and molecular structures of [CpNi(oxddt) In fact, the dihedral angles (y 1 ) between the Cp and NiS 2 mean planes are almost 901 ( Fig. 1 and Table 2 ). The fivemembered nickeladithiolene plane (NiS 2 C 2 ) is quite planar. This plane is folded along the SÁ Á ÁS hinge making the y 2 angle ( Fig. 1 and Table 2 15d Probably, the eight-membered ring moiety is significantly distorted by the flexibility of the terminal butylene group.
Electronic properties
The cyclic voltammograms (CV) of [CpNi(oxddt)] and [CpNi(bddt)] showed well-defined reversible reduction waves at À1.07 and À1.04 V (vs. Fc/Fc + ), and reversible oxidation waves at 0.16 and 0.14 V, respectively (Table 3) (Table 3) . It therefore appears that the flexibility introduced by the eight-membered rings in [CpNi(oxddt)] and [CpNi(bddt)] probably controls the way the two sulfur atoms of these rings contribute to the frontier orbitals, by modifying the relative orientation of the sulfur lone pairs relative to the NiS 2 C 2 metallacycle mean plane.
The UV-Vis-NIR spectra of [CpNi(oxddt)] and [CpNi(bddt)] are displayed in Fig. 2 and the spectral data (l max ) are summarized in Table 2 ; y 1 is the dihedral angle (1) between the Cp and NiS 2 mean planes, y 2 represents the small folding of the metallacycle along the SÁ Á ÁS hinge, and y 3 is the large folding of the seven-membered ring along the SÁ Á ÁS hinge, (top right and bottom right) [CpNi(bddt)]. Table 4 ) derivatives (Chart 3). This result clearly suggests that modifications of the outer substituents of the dithiolene core can modify the electronic absorption energy, even when the modification is limited to the substitution: ethylene vs. propylene vs. butylene. As already mentioned from the electrochemical results, this absorption energy blue shift is most probably related to the planarity and distortions of the outer substituents of the dithiolene core (see y 3 in Table 2 ).
Solid-state structural and magnetic properties
A projection view of the unit cell of the more flexible [CpNi(bddt)] complex is shown in Fig. 3 together with the shortest intermolecular SÁ Á ÁS contacts identified in the structure. There are no other contacts along the third a direction. This short SÁ Á ÁS contact at 3.893 Å is established between a sulfur atom of the metallacycle and a sulfur atom of the eightmembered ring. While a sizeable part of the spin distribution can be anticipated on the metallacycle sulfur atom, a weaker one probably characterizes the other one. As a consequence, a weak magnetic interaction is expected, which would develop, for symmetry reasons, into a regular one-dimensional spin chain.
The temperature dependence of the magnetic susceptibility of [CpNi(bddt)], determined from the SQUID measurement on a polycrystalline sample at 5000 G, indeed confirms this structural analysis (Fig. 4) . The susceptibility exhibits a rounded maximum around 50 K, demonstrating the presence of antiferromagnetic interactions, with only a weak decrease below 50 K, excluding the possibility of a singlet ground state. A fit of the experimental data with the Bonner-Fisher model, 22 taking into account a small contribution of magnetic defaults, observable at low temperatures, was used (eqn (1)):
where w 0 is a temperature independent contribution, x the fraction of paramagnetic defaults and w BF the Bonner-Fischer susceptibility, expressed by a numerical expression 23 depending on J for the corresponding Hamiltonian (eqn (2)):
Considering an averaged g value 15 of 2.05 for both the Curie tail and magnetic chain contributions, one obtains the following values from the fit: w 0 = 3.00 Â 10 À4 cm 3 mol 
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As shown below in Fig. 5 and 6 , the solid-state structure adopted with the more rigid o-xylylene derivative [CpNi(oxddt)] is very different. The molecules organize into inversion-centred dyads, weakly connected along the a direction (Fig. 5) while a stronger overlap can be anticipated from the perfect, almost eclipsed, face-to-face overlap of the planar C 2 S 4 moieties within the dyads (Fig. 6 ). This structural ''handmade'' analysis is confirmed by the temperature dependence of the magnetic susceptibility. As shown in Fig. 4 , it exhibits an acute maximum around 28 K, together with a singlet ground state at the lowest temperatures and an activated susceptibility between these two regimes, a behaviour characteristic of the presence of a spin gap. Accordingly, a fit of the experimental data, expressed by eqn (3):
was performed with a g value of 2.05 for both contributions, affording w 0 = À1.54 Â 10 À4 cm 3 mol À1 , x = 3.4% and J/k = À41.7(4) K, that is J = À29 cm
À1
. 24 The effectiveness of the singlet-triplet model to fit the magnetic susceptibility of [CpNi(oxddt)] also demonstrates that the localized magnetic interaction within the dyadic entities shown in Fig. 6 dominates the magnetic behaviour of the whole system. Considering the extra SÁ Á ÁS interaction running along a and shown in Fig. 5 , leads us to describe this material as a strongly alternated magnetic chain, with typically a similar temperature dependence of the magnetic susceptibility.
Conclusions
The two neutral radical organometallic complexes described here provide a striking example of the extreme sensitivity of the electronic and magnetic properties of such organometallic complexes to minor modifications of the substituents on the dithiolene core. Comparison of the two complexes with a similar fused eight-membered ring demonstrates how its rigidification in [CpNi(oxddt)] brought by the outer benzene ring View Article Online completely modifies its packing in the solid state while the lower symmetry adopted by the butylene derivative [CpNi(bddt)] hinders the face-to-face dyadic association and thus favours an extended one-dimensional magnetic chain structure through lateral SÁ Á ÁS interactions. Another impressive variability encountered in these series is found in their spectroscopic properties and specifically their NIR absorption energy. Comparison of the ethylene, propylene and butylene derivatives (Chart 3) shows a very large blue shift, from 1012 nm in [CpNi(dddt) 
X-Ray diffraction studies
Single crystals of the [CpNi(oxddt)] and [CpNi(bddt)] complexes were obtained by recrystallization from dichloromethane solutions and then vapor diffusion of n-hexane into those solutions at 0 1C. Crystals were mounted on the top of a thin glass fiber. Data were collected on a Stoe Imaging Plate Diffraction System (IPDS) with graphite-monochromated Mo-Ka radiation (l = 0.71073 Å ) at room temperature. Structures were solved by direct methods (SHELXS-97) and refined (SHELXL-97) 28 by fill-matrix least-squares methods, as implemented in the WinGX software package. 29 Absorption corrections were applied. Hydrogen atoms were introduced at calculated positions (riding model), included in structure factor calculations, and these were not refined. Crystallographic data for the complexes are summarized in Table 5 .
CCDC reference numbers CCDC 630860 for [CpNi(bddt)] and 630861 for [CpNi(oxddt)].
For crystallographic data in CIF or other electronic format see DOI: 10.1039/b700278e
CV measurements
All electrochemical measurements were performed under an argon atmosphere. Solvents for electrochemical measurements were dried by 4 Å molecular sieves before use. A platinum wire served as a counter electrode, and the SCE (saturated calomel electrode) reference electrode was corrected for junction potentials by being referenced internally to the ferrocene/ferrocenium (Fc/Fc + ) couple. A stationary platinum disk (1.0 mm in diameter) was used as the working electrode. CV measurements were performed with an Autolab PGSTAT 20 potentiostat from Eco Chemie B. V., equipped with General Purpose Electrochemical System GPES software (version 4.5 for Windows). Solution resistance was compensated by positive feedback. 1 mmol dm À3 dichloromethane solutions of dithiolene complexes containing 0.1 mol dm À3 tetrabutylammonium hexafluorophosphate (NBu 4 PF 6 ) at 25 1C were used for measurements.
Magnetic susceptibility measurements
Magnetic susceptibility measurements were performed on a Quantum Design MPMS-2 SQUID magnetometer operating in the range of 2-300 K at 5000 G with polycrystalline samples of [CpNi(oxddt)] (4.5 mg) and [CpNi(bddt)] (6.4 mg). Molar susceptibilities were corrected for Pascal diamagnetism.
